The in-medium behavior of bottom-strange pseudoscalar mesons in hot, isospin asymmetric and dense hadronic environment is studied using a chiral effective model. The same was recently generalized to the heavy quark sector and employed to study the behavior of open-charm and openbottom mesons. The heavy quark (anti-quark) is treated as frozen and all medium modifications of these bottom-strange mesons are due to their strange anti-quark (quark) content. We observe a pronounced dependence of their medium mass on baryonic density and strangeness content of the medium. Certain aspects of these in-medium interactions are similar to those observed for the strange-charmed mesons in a preceding investigation, such as the lifting of mass-degeneracy of B 0 S andB 0 S mesons in hyperonic matter, while the same is respected in vacuum as well as in nuclear matter. In general, however, there is a remarkable distinction between the two species, even though the formalism predicts a completely analogous in-medium interaction Lagrangian density.
I. INTRODUCTION
The method of chiral invariant Lagrangians is a popular research strategy, often employed to understand the in-medium properties of hadrons. The general formulation for writing a Lagrangian invariant under a particular Lie group goes back to the work of Coleman et al. [1, 2] . In the context of the study of hadronic in-medium interactions, the same ideology is utilized in a particular phenomenological effective Lagrangian approach, wherein the Lie group in question is the chiral SU(3) L ×SU(3) R [3] . This has proved to be a fairly successful strategy, which has been extensively applied over the years to elucidate various aspects of strong interaction physics in this non-perturbative regime of QCD. Particularly, this is well suited to shed light on the behavior of matter under extreme conditions of density and temperature, which is relevant from the point of view of ongoing and future relativistic heavy ion collision experiments. Apart from a reasonable description of nuclear matter, finite nuclei, neutron stars and hypernuclei [4] , the model has been used to study the inmedium interactions of light vector mesons [5, 6] , kaons and antikaons [7] [8] [9] [10] [11] , as well as, on subsequent generalization, D mesons [12] [13] [14] [15] . Generalization of this framework to SU(4) [15, 16] was an important step forward, since D mesons are intrinsically different from, e.g. kaons and antikaons, due to the presence of a heavy charm quark/antiquark. Thus, while the framework was generalized to SU(4), the medium modifications of such heavylight mesons were completely borne out of the light quark content, whereas the heavy quark degrees of freedom were treated as frozen in the medium. This generalization led to progress on two counts -on one hand, we were equipped with a formalism to treat medium effects for strange-charmed mesons [17] which were hitherto unconsidered. Secondly, it inspired a further generalization to bottomed mesons [18] , based on the general philosophy that if the dynamics of the heavy quark is frozen, it is immaterial whether that heavy quark is c or b. Thus, just like their charmed counterparts, bottomed mesons can also be treated as a heavy-light system, where all medium effects are due to interaction of their light quark content with the light hadrons in the medium. Clearly then, the final class of pseudoscalar mesons that can be treated within this generalized formalism, are the bottom-strange (B S ) mesons. The current article is an attempt to unveil their in-medium behavior.
We organize this article as follows: in section II, we give a brief outline of the chiral effective approach and write down the Lagrangian density as well as the in-medium dispersion relations for the B S mesons, within this model. In section III, we analyze and discuss the in-medium behavior of B S mesons as per this formulation. Finally, the entire investigation is summarized in section IV.
II. B S MESONS IN HADRONIC MATTER -CHIRAL EFFECTIVE APPROACH
As mentioned previously, the present work is based on a generalization of the chiral [3, 4] . This is an effective field theoretical approach to describe hadron-hadron interactions, based on the approximate chiral invariance of the strong interactions. The fact that chiral symmetry is explicitly broken is taken care of, with the addition of explicit symmetry breaking terms to the chiral-symmetric Lagrangian. Scale symmetry breaking is introduced via a scalar dilaton field, χ, leading to a non-vanishing trace of the energy-momentum tensor [4, 19] . Also, following Weinberg [20, 21] , a nonlinear realization of chiral symmetry [22] is adopted in this effective hadronic description.
The general expression for the chiral model Lagrangian density reads: From this chiral model Lagrangian density, in the mean field approximation, one determines the equations of motion for the non-strange scalar-isoscalar meson σ(∼ūu +dd), strange scalar-isoscalar meson ζ(∼ss), the non-strange scalar-isovector meson δ(∼ūu−dd), and the scalar dilaton χ [3, 4, 14] . These coupled equations of motion are solved selfconsistently and the solutions so obtained are used to evaluate the baryonic scalar and number densities. These are subsequently employed in the solution of the in-medium dispersion relations for the B S mesons, which we address shortly. As mentioned in section I, this approach, which was originally devised for chiral SU(3) L × SU(3) R , has subsequently been generalized to include charm [15, 16] and bottom [18] degrees of freedom as well. The interaction Lagrangian density for pseudoscalar mesons has contributions from a vectorial Weinberg-Tomozawa term, scalar meson exchange contributions originating from the explicit symmetry breaking term, as well as range terms. Each of these was elaborately discussed in a preceding work [18] and hence, for the sake of brevity, will not be repeated here. Instead, we build on that formulation and proceed to discuss what it entails for the behavior of B S mesons in a hadronic medium.
The Lagrangian density for the B S mesons in isospin-asymmetric, strange, hadronic medium is given by the equation
where L free denotes the free Lagrangian density for a complex scalar field (corresponding to the B S mesons here), which reads:
The interaction Lagrangian density, L int , is determined to be:
In this expression, the first term (with coefficient −i/4f (4) that these equations of motion are linear in these fields. Hence, exploiting this linearity, we assume plane wave solutions (∼ e i( k. r−ωt) ) and Fourier transform these equations to obtain the in-medium dispersion relations for the B S mesons. These have the general form:
where m B S refers to the B S meson vacuum mass, and Π(ω, | k|) refers to the self-energy of the B S mesons in the medium. A complete expression for the B S meson self-energy is given by:
where the + and − signs in the coefficient of the linear term, refer toB 0 S and B 0 S respectively. Thus, it is explicit from this equation that this term is all that differentiates between the two, the remaining interaction terms being identical for both. We point out that the source of this contribution can be traced back to the Weinberg-Tomozawa term in Eq.(4). This leads to very interesting consequences that shall be explored in the next section. Proceeding further, these dispersion relations reduce to the following quadratic equation in the centre-of-mass frame of these mesons:
This quadratic equation is solved to find out the medium modified mass (energy) ω( k = 0)
for the B S mesons. Also, in line with our prior research methodology [17, 18] , we study the sensitivity of these medium modifications to the following four parameters -the total baryonic density (ρ B ) of the medium, temperature, isospin asymmetry parameter defined as η = − i I 3i ρ i /ρ B , where I 3i refers to the z−component of isospin of the i th baryon, and, strangeness fraction, f s = i |S i |ρ i /ρ B , where S i denotes the strangeness quantum number of the i th baryon.
We point out here that the above expressions for the B S meson interaction Lagrangian density, as well as in-medium self-energy, are exactly analogous to those for the D S mesons [17] . One feels tempted to invoke the similarity between their quark content at this stage, and expect the complete in-medium behavior to follow suite. However, in spite of this analogy, there exist differences between them, as we describe, along with other aspects of the in-medium behavior, in the next section.
III. RESULTS AND DISCUSSION
Before proceeding with an account of the in-medium properties of B S mesons, we first make a few general remarks, especially concerning our parameter choice. The parameters of the chiral model are fitted to vacuum baryon masses, nuclear saturation properties and other vacuum characteristics in the mean field limit [3, 4] . We maintain here the same parameter choice that was previously used to study charmed [13] [14] [15] , charmed-strange [17] and open-bottom mesons [18] , and refer the interested reader to earlier works [3, 15] for a summary of these fitting procedures. Also, from equations (4) and (6), one can reason that the B S meson decay constant is a crucial parameter in this analysis, since that would directly impact the magnitude of these medium effects. In the absence of a Particle Data Group [23, 24] value for the same, in this investigation, we employ f B S = 224 MeV, consistent with
Ref. [25] . Similar values were also obtained in other recent lattice results [26] [27] [28] [29] , as well as in recent calculations based on the QCD Sum Rule method [30] [31] [32] [33] . The only simplifying approximation adopted in this work is the neglect of the heavy quark dynamics. This approximation, which appears justified even on physical grounds, has also been adopted in each and every work [13-15, 17, 18] concerning the generalization of this chiral SU (3) approach to heavy quark sector (c and b). In the context of charmed quark condensate, the same was also explicitly verified in a O(4) linear sigma model [34] . Also, we point out that the 'frozen-glueball approximation' (χ ≈ χ 0 ) [4] , which was adopted in our earlier work [17] concerning the D S mesons, stands relaxed in this investigation. Thus, the scalar dilaton field (χ) is also considered to be medium-modified in this work.
We now discuss the B S meson in-medium properties as per the preceding formalism. It follows from Eq. (6) , that just like their charmed counterparts [17] , even the two B S mesons, (5) and (6) . A reduction in the net in-medium mass signifies a net attractive in-medium interaction, though the behavior of individual contributions is not that mundane. In fact, we may reason from Eq.(6) and the in-medium behavior of scalar fields [14] , that the first range term contribution is repulsive throughout, while those of the other two range terms and the scalar meson exchange term is attractive for the entire range of baryonic densities considered in this analysis. These attractive contributions from the d 1 and d 2 range terms predominate over the repulsive first range term contribution, and we observe the net behavior as shown in the figure. However, to provide a more concrete basis to these assertions, as well as to weigh the relative significance of these individual contributions towards the total in-medium mass, we analyze the B S meson in-medium dispersion relations as follows.
As mentioned previously, in the center of mass frame of these mesons, the in-medium dispersion relations acquire the quadratic equation form Aω 2 + Bω + C = 0, where the coefficients A, B and C depend on various interaction terms in Eq. (5), and read:
where the + and − signs in the coefficient B, correspond toB 
using a binomial expansion of (1 + B 2 /4AC 1 ) 1/2 , with C 1 = −C. Disregarding higher-order terms, this can be simply written as:
With similar expansions of (C 1 /A) 1/2 and (1/A), and neglecting higher order contributions (which are smaller, owing to inverse dependence on large powers of f B S ), the general solution of the B S meson dispersion relations in the hyperonic matter context, can be written as:
where
The former contributes equally to both B However, as was elaborately discussed in the context of the D S mesons [17] , the fact that the medium mass depends at all on isospin asymmetry is because the equation of motion for the strange condensate, obtained within this chiral model within the mean field approximation, is coupled to the scalar-isovector δ field [14] , and hence, acquires different values for isospin symmetric and isospin asymmetric matter. But since this happens to be the source of asymmetry here, and not any explicitly isospin-asymmetric term in the B S meson selfenergies, it is natural that this asymmetry would be weak, which is absolutely consistent respectively when the temperature increases to T = 150 MeV. This is not just consistent with the above reasoning, but also with the general conclusion that medium effects decrease in magnitude with temperature, as has been observed in several investigations based on this chiral effective approach [7, 12, 14, 15, [17] [18] [19] .
However, there is a considerable dependence of the B S meson in-medium mass on the strangeness content of the medium, as is analyzed in Fig. 2 , for both symmetric (η = 0) and asymmetric (η = 0.5) matter, at different temperatures. These plots also subsume the special case of nuclear matter (f s = 0), where B 0 S andB 0 S are identical due to the vanishing of ω brk . We observe from the figure that there is a considerable reduction in the medium mass for both, as the value of f s is increased. For example, the medium masses of B Next, we address the disparity between the strange-charmed D S mesons, and the strangebottomed B S mesons, with regard to their observed in-medium behavior. As we have been insisting all along, we intuitively expect their in-medium behavior to be similar to one another, since in each case, the heavy quark is frozen in the medium and all modifications are due to the light quark content, which is identical for them. Further, the interaction Lagrangian density for B [17] . However, over here, we observe that the f s dependence of both B S mesons is appreciable and no such cancellation takes place. This is due to the fact that the magnitude of the ω com contribution is much larger than that of ω brk . To further the aforementioned reasoning, the scalar meson exchange term assumes a larger significance in this case, as compared to the D S mesons. Thus, we can draw the general conclusion that the interplay of various individual contributions to the total in-medium mass is different for the two cases, which leads to a conspicuous difference in the net observed behavior. In hindsight, the same appears natural, since with the replacement c ↔ b, one should only expect the in-medium behavior to be similar if the interaction Lagrangian density scales by some overall constant factor with the meson (vacuum) mass and decay constant, which is clearly not the case here, as can be seen from Eq.(4). If that was the case, the interplay of all individual contributions would have also been unaffected, and we would have observed the same in-medium behavior for D S and B S mesons, perhaps scaled up or down by that constant factor. But since the individual contributions scale unequally, it is inevitable that their in-medium behavior would be dissimilar.
We have, thus, analyzed the in-medium behavior of bottom strange mesons, as a function of various characteristic parameters. We find an appreciable dependence of their medium mass on baryonic density and strangeness content of the medium. These medium effects can potentially be important in the propagation and flow of these bottom-strange mesons in heavy-ion collision experiments, besides affecting observables like particle ratios and dilepton spectra, owing to the semileptonic/ leptonic decay modes of B S mesons.
IV. SUMMARY
To summarize, we have studied the in-medium properties of B S mesons in a hot and dense hadronic environment. Towards this end, we have considered a generalization of the chiral effective approach to the heavy quark sector. The heavy quark (anti-quark) is treated as frozen and all medium modifications of these bottom-strange mesons are due to their strange anti-quark (quark) content. The interaction Lagrangian density, as well as the in-medium dispersion relations bear a striking resemblance with those obtained for the strange-charmed mesons in a preceding investigation [17] . However, in spite of this analogy, the behavior of B S mesons differs in some regard from that of the D S mesons, especially with the pronounced f s dependence for both B 
